Pluripotent stem cells (PSC) constitute an exceptional tool in developmental biology, disease modeling and future regenerative therapies (Serra et al., 2012) if they can be produced in large numbers under controlled conditions with clinically-feasible protocols (Serra et al., 2012 , Zweigerdt et al., 2011 . To enable these applications, culture conditions that would allow for xeno-free or feeder-cell-free PSC expansion on Furthermore, it might be of higher importance to improve bioreactor-based culture approaches with finely controlled environmental conditions that would reliably propagate 3-D multilayered cell organization or spheroids of PSC in large scales rather than flat expansions in monolayers (Serra et al., 2012 , Rodin et al., 2010 . In some areas in particular in tumorigenesis and disease modeling for drug evaluation studies there is a call towards utilizing such 3-D cell spheroids for experiments as they provide a more reliable and "natural" response in such culture conditions (Hutmacher et al., 2009 , Loessner et al., 2010 , Alajati et al., 2009 ). However, PSC-based tissue engineering may next require these cells to be dissociated and/or differentiated prior to in vivo delivery depending on the method of delivery. Other options in organ engineering could address the controlled seeding of biocompatible scaffolds with PSC aggregates to provide pluripotent cells in the desired spatial organization within the matrix.
In addition, if it comes to bulk production of PSC for future regenerative procedures, it might be necessary to reliably control the pluripotency of PSC or their differentiation stage until full organ tissue development is triggered. In this context, complex organ regeneration probably requires multiplex orchestrated tissue formation (Brady et al., 2009 , Warnke, 2010 ) from cells of different germ layers that could technically be derived from one pluripotent cell source, if it is available in high numbers and could be manipulated by the tissue-engineer. Under this light, it has been shown that the microenvironment or particular niche of a stem cell can significantly determine its fate and behavior (Rodin et al., 2010 , Serra et al., 2012 . We therefore hypothesized that by controlling the niche, we would be able to expand PSC in 3-D structures on F o r P e e r R e v i e w 4 biodegradable scaffolds that can be manipulated by clinicians and tissue engineers. We envisaged that following differentiation of the PSC into desired lineages, such scaffolds become the starting tool for tissue engineering.
To this end, we manufactured pristine nanofiber (NF) mesh works from synthetic biodegradable polymers via a nanotechnology process called electrospinning that would allow us to recreate the optimal niches and microenvironments of stem cells (Alamein et al., 2013a , Alamein et al., 2013b (Figure 1 ). Such NF matrices are designed to mimic the 3-D collagen fiber morphology and architecture of the natural extracellular matrix to a high extend. Importantly, such NF scaffolds can be produced in large scales and of desired sizes and shapes in a highly controlled and uniformed manner under clinicalgrade conditions (Alamein et al., 2013a , Alamein et al., 2013b (Figure 1 ). Furthermore, our NF matrices have already shown to allow for improved propagation of 3-D organization of mesenchymal stem cells as the NF provide a pro-attachment surface or potentially a sub-cellular 3-D niche-like microenvironment that is not constricted to the conventional flat 2-D surfaces in tissue culture plates (Alamein et al., 2013a , Alamein et al., 2013b . We assumed that such 3-D NF matrices could also influence the behavior of PSC. So far, the common 2-D culturing monolayer methods for PSC even with attempts in advanced bioreactor cultivation have not yielded an effective method of satisfactory xeno-free up-scaled cell expansion with preserved pluripotency for clinical demands.
For this study we initially set out to manufacture clinically compliant biodegradable NF matrices by electrospinning in a clean-room from the biopolymer Poly [lactic-coglycolic] (Villa-Diaz et al., 2010 , Nandivada et al., 2011 for a novel set of NF composite membranes since PMEDSAH was previously shown to be able to replace feeder-cells in 2-D culture systems for PSC (Villa-Diaz et al., 2010 , Nandivada et al., 2011 . Our initial thoughts that PMDSAH-free NF cultures may require feeder-cells for thriving was incorrect. In fact, cell indiscriminately grew on the PLGA NF and composite PLGA:PMEDSAH NF. We found that both NF matrices with characteristics of the natural extracellular matrix allowed for increased attachment and up-scaled expansion of IPSC when compared to the flat 2-D culture controls of the same polymers.
This effect was based on the NF morphology on both NF matrices and therefore independent from the polymer substrate. Both NF supported adhesion and colony formation of over 95 % of the IPSC aggregates ( Figure 1d ). Throughout 8 weeks, the structure of both, the composite PMEDSAH:PLGA NF and also the pure PLGA NF , 21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59 (Alamein et al., 2013a , Alamein et al., 2013b . Previous studies have shown activation of Rac1 in mouse ESC cultured on synthetic nanofibers (Higuchi et al., 2010 , Nur-E-Kamal et al., 2005 , Schindler et al., 2005 . Rac1 is a Rho GTPase family member protein known to regulate the actin cytoskeleton (Higuchi et al., 2010 , Nur-E-Kamal et al., 2005 , Schindler et al., 2005 . There is evidence suggesting Rac1 activation might have an underlying effect on enhanced proliferation, differentiation, motility and morphological changes associated by culture of mouse ESC on nanofibers (Higuchi et al., 2010 , Nur-E-Kamal et al., 2006 , Nur-E-Kamal et al., 2005 , Schindler et al., 2005 ."
Furthermore and in contrast to established protocols, both IPSC and HESC patties did not require constant passage or presence of feeder-cells as they continued to grow without further passaging on NFs in our set up over 5 weeks. Within the first 3 days, PSC cultivated on NFs were seen to attach and expand into small size colonies before they rapidly started to form such patty-like structures (Figure 1 ). Patty formation followed an outward-to-inward direction, where within about 3 days the IPSC and HESC colonies seemed to form a multilayered structure starting from outer edges of the colony and expanding inwards to the center of the colony (Figure 1 & 2) . PSC patties could be easily lifted from the NFs using a surgical spatula (Figure 1c ), or alternatively a 1 ml pipette tip. Alternatively the biodegradable nanofiber scaffolds could be picked up to serve as a transfer vehicle of pluripotent cell patties where differentiation into the desired cell types at other sites is required. We believe that this easy manipulation of PSC on scaffolds would allow for straightforward surgical implantation if required and could have high potential to be adopted for mass production of PSC. We then reached out to confirm the maintained pluripotency of PSC cell patties in more detail. Flow cytometry analysis to assess for pluripotency markers was performed for IPSC cultured for:
1) A total of 5 weeks on PMEDSAH:PLGA NF or pure PLGA NF followed by another 3 weeks back on Matrigel.
2) A total of 8 weeks exclusively on Matrigel.
3) As well as 8 weeks exclusively on PMEDSAH:PLGA NF or pure PLGA NF. In an additional experiment, we assessed the behavior of PSC when the underlying surface of the same material was changed during the course of expansion from 3-D to 2-D. We noted that the IPSC patties were re-transferred from NF to flat Matrigel surfaces, cells readily returned to a monolayer format, suggesting this 3-D expansion behavior is solely due to the physical microenvironment. This finding was further supported by our observation that IPSC aggregates cultured on both PMEDSAH:PLGA NF and pure (Figure 1f ). In particular, after crossing the margins from structured NFs onto the flat film surfaces of the same polymer material, the patties changed their expansion to a flat monolayer type. Furthermore IPSC that migrated onto flat surfaces increasingly exhibited an adherent fibroblast-like morphology with nucleus-cytoplasm ratios typical of differentiated cells (Figure 1f) , while the originating patty on NFs retained shape and pluripotency. This phenomenon highlights the crucial role that surface morphology and roughness can play in growth behavior and maintenance of pluripotency or differentiation of PSC. Indeed, our data suggest that the underlying source of biopolymer was not the crucial factor but that rather its nanofibrous structure determined the fate of the PSC. It will be vital to further investigate the suitably of an NF environment for controlling PSC and such behavior for future clinical applications. 
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Conclusion:
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